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22The longitudinal forces introduced by tunnel boring machines (TBMs) to the segmental tunnel linings
23inﬂuence their structural response. The analyses of the linings construction process and the ground–
24structure interaction mechanisms have shown the inﬂuence of the lining creep on the progressive loss
25of the initial longitudinal force. An analytical formulation to predict the remaining compression of the
26linings as a function of time is proposed, supported by means of a complete numerical model, which con-
27siders the effect of creep during the sequential construction process. An experimental program to deter-
28mine the creep of plastic packers was developed, revealing its signiﬁcant inﬂuence on the global lining
29creep factor and the evolution of the remaining compressive stresses.
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1. Introduction
The application of modern tunnel boring machines (TBMs) a
lows the construction of tunnels of larger dimensions at increasin
depths under complex ground conditions. Its use is mostly assoc
ated with segmental concrete linings which provide the structura
resistance to the ground and water pressure, further to provide th
necessary reaction to generate the progress of the TBM. Th
improvement of the knowledge and comprehension of the struc
tural response of segmental tunnel linings will entail the optimiza
tion of their design, providing economical, efﬁcient and safe
structures.
A segmental concrete lining is composed of multiple concret
rings that are sequentially placed as tunnel boring advances
(Fig. 1). There exist different types of linings depending on the
shape of the segments and the ring (JSCE, 2006; Guglielmetti
et al., 2008). Concrete segments have to be designed in order to
individually resist the casting and storage process and the forces
coming from the TBM. The whole ring design is focused on the ade-
quate resistance of all foreseeable ground loads, which can be
determined by means of advanced numerical models that simulate
the inﬂuence of the boring process into the ground stresses (Broere
and Brinkgreve, 2002; Kasper and Meshke, 2004). The analysis of
the lining internal forces is nowadays performed by means of ﬁnite
element models that allow the consideration of the structural par-
70ir
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ticularities presented in segmental linings (Plizzari and Tibert
2006; Blom et al., 1999). The joints existing between segments cre
ate a multiple-hinged structure that presents a complex structura
behavior (Muir Wood, 1975; Blom, 2002; Teachavorasinskun an
Chub-uppakarn, 2010). Research programs have been develope
recently in order to determine, explain and model the differen
phenomena involved in segmental linings radial response (Molin
and Arnau, 2011; Arnau and Molins, 2011), to optimize its struc
tural resistance by means of steel ﬁber additions (de Waal, 2000
Kasper et al., 2007; Tiberti et al., 2008) or directly increase th
structural resistance by applying composite sections (Zhang an
Koizumi, 2010).
TBM’s apply a large longitudinal force to segmental tunnel lin
ings by means of multiple hydraulic jacks in order to produce the
movement and to resist the excavation face pressure. Packin72materials are commonly placed in circumferential joints (between
73adjacent rings) in order to regularize the contact surfaces and to
74center the TBM force into the segments height (Fig. 1). As a conse-
75quence, the structural collaboration between adjacent rings is gov-
76erned by a packer-concrete friction mechanism that directly
77depends on the normal force applied on. A few tunnel projects in-
78clude a dowel and socket system on their circumferential joints in
79order to conﬁne the differences in deformation between adjacent
80rings (Blom, 2002). In these cases, the frictional mechanism only
81acts until the dimensional tolerance of the dowel and socket sys-
82tem is exhausted. Therefore, the structural analysis of segmental
83tunnel linings should include the longitudinal forces applied on
84the lining if its real three-dimensional behavior needs to be ade-
85quately considered (Blom et al., 1999; Mo and Chen, 2008).
86Recent research programs employed advanced 3D structural
87models that consider the longitudinal force to analyze different
ndent response of segmental tunnel linings. Tunnel. Underg. Space Technol.
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(2Nomenclature
Ac concrete cross area
AR lateral surface aspect ratio
Ec concrete deformation modulus
Ec,28 concrete deformation modulus at 28 days
Es ground deformation modulus
Fi initial force
Ft transferred force to the ground
Fg,n force transmitted to the ground at ring n
FRF force at tunnel initial reaction frame
FTBM longitudinal force applied by the TBM
fcm concrete compressive strength
h notational size of the member
HR relative humidity105an
106gr
107pr
108ab
109tu
110
Kl longitudinal ground–structure interaction stiffness eg
ep
ep-
ep-
rc
m
ssl
uc
up
uGenarios during construction or in service (Blom et al., 1999; Klap-
rs et al., 2006; Mo and Chen, 2008). In these cases, the force ap-
ied to the lining by the TBM is adopted, assuming that the long
rm ring forces remain close to their initial value. As this hypoth-
is entails the maximum structural interaction between adjacent
gs, it is necessary to ensure its validity during the full tunnel ser-
Kr radial ground–structure interaction stiffness
Kt tangential ground–structure interaction stiffness
Lan anchorage length
Lc concrete ring width
Lp packer thickness
Lt total ring width
N longitudinal force
Pe tunnel external perimeter
R tunnel radius
r2 correlation coefﬁcient of packers creep curve ﬁttinge life. Additionally, a possible loss of the longitudinal compres- 111cu
112th
113ra
114co
115m
116(P
117iti
118tit
119co
120co
121tio
122
123fo
Fig. 2. Forces and constraints of an ideal construction case.e stresses involves a reduction of the closing pressure in the
aling devices (gaskets) placed in the circumferential joints, caus-
g a reduction of the watertightness of the lining.
Koek (2004) performed a study, which focused on the inﬂu-
ces of the lining and ground stiffness on the tunnel’s longitudinal
sponse in front of TBM force variations. This work includes a brief
alysis assuming that the lining is subjected to a pure relaxation
ocess, which implies that longitudinal stress losses can occur. As
onsequence, it was shown that is necessary to carry out a thor-
gh study and analysis of the ground–structure interaction mech-
Fig. 1. Segmental tunnel linings most common conﬁguration.ease cite this article in press as: Arnau, O., et al. Longitudinal time-dependent
011), doi:10.1016/j.tust.2011.10.002ism, which can cause a transfer of forces from the lining to the
ound, as well as of the inﬂuence of the segmental construction
ocess. The knowledge of the force transfer mechanism will en-
le the determination of the stress development in segmental
nnel linings.
The conicity and the thickness of the TBM shield and the over-
t produced by its cutting wheel produce an annular gap between
e external radius of the lining and the ground, which width
nges between 13 and 18 cm (Thewes and Budach, 2009). The
mplete and fast fulﬁlling of the annular gap presents a para-
ount importance in order to minimize the surface settlements
elizza et al., 2010) and to lock the segmental lining into its deﬁn-
ve placement (Fig. 2). It is usually performed by means of cemen-
ious mixes or two component grouts (Peila et al., 2011) which
nforms a stiff material between the lining and the ground. As a
nsequence, the adequate study of the ground–structure interac-
n requires the consideration of the backﬁll grouting process.
This paper deals with the determination of the longitudinal
rce that remains in segmental tunnel linings during their service
lateral concrete surface of a ring
lateral ring surface covered by packers
time of analysis
age of loading
longitudinal displacement
perimeter in contact with the atmosphere
ground spring displacement for plastic response
variable of position
concrete strain
concrete stress dependant strain according to CEB-FIP
Model Code
concrete elastic strain
,Dtn concrete creep strain at time period Dtn
grout strain
packer strain
el packer elastic strain
cr packer creep strain
concrete compressive stress
Poisson ratio
maximum tangential stress
(t, t0) concrete creep coefﬁcient for t0 to t period
(t, t0) packer creep coefﬁcient for t0 to t period
(t, t0) lining global creep coefﬁcient for t0 to t periodresponse of segmental tunnel linings. Tunnel. Underg. Space Technol.
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19 October 2011lives. In the ﬁrst part, the construction process and the ground
structure interaction mechanism are thoroughly analyzed, show
ing the dependence of the longitudinal force on the long term
deformations of the lining. A formulation is proposed to predic
the remaining compressing force on the lining at a certain tim
based on its longitudinal creep coefﬁcient (remaining compressio
factor approach, RCF). A ﬁnite elements model is used to simulat
the construction process of a tunnel and its time-dependent re
sponse in order to verify the suitability of the proposed formula
tion and to study the particular inﬂuence of lining creep durin
the construction stage. The inﬂuence of the creep of the packer
is also studied, presenting the results of a particular experimenta
program. Finally, a formulation for a global longitudinal creep coe
ﬁcient of the lining (uG) which includes both the concrete and th
packers creep is proposed.
2. Ground–structure longitudinal interaction mechanism
and the remaining compression factor (RCF) approach
As a consequence of the construction process of segmental tun
nel linings, the TBM is constantly applying a minimum longitudina
axial force in order to compensate the excavation face pressur
which mainly depends on the TBM face support method and the
ground conditions (Maidl et al., 1996). At structural level, this is
achieved by means of a sequential loading process based on the
individual loading of each segment, generating a permanent longi-
tudinal compression state of the lining.
In this section, the inﬂuence of the construction process on the
stress state of the lining is analyzed. Firstly, the ground–structure
interaction mechanisms are studied in order to determine the lon-
gitudinal force transfer that can cause the loss of the initial com-
pression state of the lining. As a result, a formulation to predict
the evolution of the remaining compressive stress of the lining is
proposed based on its longitudinal creep (RCF approach).
2.1. Ground–structure interaction mechanisms
In order to present in a simple and understandable way the
effect of the construction process on the longitudinal response of
the lining, an ideal case is ﬁrstly analyzed. The increase of the
longitudinal force that can be caused by the radial loading of the
rings (produced by the existing conﬁnement in the longitudinal
direction) is neglected due to its usual minor inﬂuence on the lon-
gitudinal stress of the lining. Despite that, it can be easily contem-
plated by superposing it to the initial applied force. Concrete is
assumed as a linear elastic material without time dependent defor-
mations whilst packing materials are not yet contemplated.
Usually, the TBM ﬁrst reaction point is a steel frame installed in
the ﬁeld or in the shaft where the tunnel starts as it is schemati-
cally shown in Fig. 2. The loading process of ring 1 is completed
once it leaves the TBM shield and becomes surrounded by the li-
quid backshield grout or mortar. No constraints affect its longitudi-
nal strain ec, being determined as FTBM/Ec  Ac, where FTBM is the
longitudinal force applied by the TBM, Ec is the concrete deforma-
tion modulus and Ac is the concrete cross area. Assuming that FTBM
remain constant during the different construction stages, when a
new ring is placed (2), it is also subjected to the same initial strain
ec. At this time, the grout over ring 1 becomes stiffer, relating its
initial zero strain (eg = 0) to the segments deformed shape
(ec = FTBM/Ec  Ac). Whilst the TBM force remains constant and
permanently applied, the situation will be the same for all rings.
Therefore, under the assumption of the ideal conditions described,
the ground does not contribute to the equilibrium of longitudinal
forces of the lining. The activation of the ground–structure interac-
tion requires longitudinal lining movements after grout hardening.
Please cite this article in press as: Arnau, O., et al. Longitudinal time-depe
(2011), doi:10.1016/j.tust.2011.10.002Two main different circumstances can cause displacements of th
lining: (1) changes in the applied forces (FTBM or the reaction a
the initial frame, FRF) and (2) long-term deformations of the con
crete segments.
The removal of the initial frame produces the disappearance o
the reaction force (FRF). In consequence, the lining starts its dis
placement, activating the transfer of forces from the lining to th
ground until the lining is fully anchored. Severe changes in TBM
forces generate a similar process, producing lining displacement
until the force difference is fully transmitted to the ground. Bot
transfer mechanisms are local, only affecting a certain lining sec
tion depending on the necessary length to complete the transmis
sion of forces.
As long as the lining and the ground properties remain linea
elastic, the transfer of forces between them is governed by th
problem of a bar embedded in an elastic media (Fig. 3). The differ
ential equation that deﬁnes the equilibrium of forces is obtaine
from the scheme presented in Fig. 3 (Eq. (1)), where x is the var
able of position, u is the longitudinal displacement, Kl is the long
tudinal stiffness of the ground (N/mm3) and Pe is the externa
perimeter of the tunnel (mm).
2EcAc
d u
dx2
 KlPeu ¼ 0 ð1Þ 208
209
d2u
dx2
 a2u ¼ 0 where: a2 ¼ KlPe
EcAc
ð2Þ
211
212Eq. (1) corresponds to a second order differential equation (Eq.
213(2)). The mathematical solution of Eq. (2) can be found in some
214publications (i.g. Bouma, 1989), providing the expression of the
215transferred force Ft (Eq. (3)). Assuming that a force Fi is initially ap-
216plied to the tunnel, the evolution of the tunnel longitudinal force
217(N) corresponds to Eq. (4).
218
FtðxÞ ¼ Fieax where : a ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃ
KlPe
EcAc
s
ð3Þ
220
221
NðxÞ ¼ Fi  Ft NðxÞ ¼ Fi  Fieax ð4Þ 223
224
Lan ¼ lnð0:05Þ

ﬃﬃﬃﬃﬃﬃﬃ
KlPe
EcAc
q ð5Þ
226
227The force transmission zone (anchorage length) ends when the
228lining force N(x) is equal to the initial applied force Fi. Eq. (4) pre-
229sents an asymptotic behavior to Fi, and therefore, if it is solved
230assuming that Ft is equal to Fi, the value of x is inﬁnite (1). As a
231consequence, it is necessary to assume a tolerance value of the ini-
232tial force Fi which determines that the lining is fully anchored.
Fig. 3. Schematization of the development of the force in the lining based on
differential analysis.
ndent response of segmental tunnel linings. Tunnel. Underg. Space Technol.
233 Assuming a tolerance of 5% in the force (Fi  N(x) = 0.05  Fi), the
234 resolution of Eq. (4) provides the expression for the anchorage
235 length (Lan) shown in Eq. (5).
236 According to Eq. (5), for certain lining conditions (ﬁxed Ec, Ac
237 and Pe) the anchorage length only depends on the ground stiffness
238 Kl. Therefore, as long as the ground (or the ground–structure inter-
239 face) presents a linearly elastic behavior, the anchorage length (Lan)
240 is independent of the initial force (F).
241 2.2. Effect of long-term deformations (RCF approach)
242 Creep and shrinkage are the essential time dependent deforma-
243 tions experienced by the structural concrete. In tunnel linings con-
244 struction, concrete segments are precast in an industrial plant and
245 subsequently stocked until their assembly. As a consequence, creep
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(2the only time dependant deformation that signiﬁcantly affects
e behavior, because shrinkage is almost fully developed when
e segments are placed.
The strain of concrete segments (ec) is composed by the elastic
ain (eel) and the creep strain (ecr,Dt). Creep is the increase in
ain caused by a sustained load in a time period Dt (Nawy,
08). As described in Section 2.1, the rings are initially ﬁxed to
Fig. 4. Schematization of force traease cite this article in press as: Arnau, O., et al. Longitudinal time-dependent
011), doi:10.1016/j.tust.2011.10.002e ground according to their elastic strain. As time goes by, creep
enomenon produces a reduction of the ring size due to the de-
ribed strain increase. As a consequence, the concrete lining
dergoes longitudinal displacements that activate the ground–
ucture interaction. Whilst the ground tangential behavior re-
ains linear, a larger movement results in a larger force transmit-
d to the ground. As can be observed in Fig. 4, the transmission of
e force to the ground (Fg) implies that the force in the previous
g decreases, also diminishing its stress and its elastic strain
l). Consequently, a stress/strain redistribution occurs in order
achieve a new equilibrium of forces.
As it was previously explained, as long as the maximum tangen-
l stress of the ground (or the ground–grout interface) has not
en exceeded, the length of the force transmission zone (Lan) is
dependent of the magnitude of the force. This means that outside
e anchorage zone, the force transmission from the lining to the
ound should be zero. This assumption implies that, once the sur-
unding grout has hardened, the displacement of each ring should
zero as well. The only possibility to accomplish this requirement
that the total strain of a ring at a certain time t, ec(t) is equal to its
itial strain ec(t0) (Eq. (6)). This phenomenon occurs when the val-
s of the positive relative strains caused by creep are equal to theresponse of segmental tunnel linings. Tunnel. Underg. Space Technol.
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19 October 2011stress. Therefore, the lining is subjected to a pure relaxation mech
anism caused by its longitudinal creep that causes a reduction o
its compressive stress in time.
ecðtÞ ¼ ecðt0Þ ð6
ecðtÞ ¼ rcðt0ÞEc ½1þuðt; t0Þ þ
Drcðt; t0Þ
Ec
½1þ vðt; t0Þ uðt; t0Þ ð7
The strain of the concrete at a certain time t is commonly eva
uated by Eq. (7) (Bazant and Wittmann, 1988), where rc(t0) is th
initial concrete stress, Drc(t, t0) is the stress variation from th
load time t0 to t whilst u(t, t0) and v(t, t0) are the creep coefﬁcien
and the aging coefﬁcient related to the same time period respec
tively. The combination of Eqs. (6) and (7) directly allows the der
ivation of a Remaining Compression Factor (RCF) (Eq. (8)) whic
describes the proportion of the initial longitudinal lining stress that
remains in the concrete lining after a certain time t (Eq. (9)).
RCFðtÞ ¼ 1 uðt; t0Þ½1þ vðt; t0Þ uðt; t0Þ ð8Þ
rcðtÞ ¼ rcðt0Þ  RCFðtÞ ð9Þ
During the construction process of the segmental lining, the
concrete is loaded at a relatively advanced age (generally more
than 60 days). As a consequence the value of the aging coefﬁcient
v(t, t0) is always near to 1 and can be considered constant for time
periods longer than 1 year (Ghali et al., 2002). Fig. 5 shows the evo-
lution of the RCF as a function of the creep coefﬁcient u(t, t0),
assuming a constant value v(t, t0) = 0.9. For small values of the
creep coefﬁcient (short time after loading) the RCF decreases rela-
tively fast, achieving a value under 0.5 for a creep coefﬁcient of 1.
3. Numerical simulation
A complete set of numerical analyses are employed to deter-
mine the validity of the proposed analytical formulations and the
limitations imposed by the performed hypotheses. An advanced
FE model that considers the longitudinal creep during the tunnel
construction process is developed for such purpose. The analyses
comprise a total number of nine simulations, reproducing three
different concrete scenarios and three surrounding ground stiff-
nesses. To simplify the problem and to determine its minimum
effect, only the concrete creep is considered (the effect of packers
is not yet taken into account).
3.1. Case study and model description
The selected case study is a 900 m long tunnel with an external
diameter of 10 m and a thickness of 0.35 m. Its construction
Please cite this article in press as: Arnau, O., et al. Longitudinal time-depe
(2011), doi:10.1016/j.tust.2011.10.002process is composed by the following steps: (1) the lining start
at a reaction frame which is modeled by means of longitudinal r
gid supports at the ﬁrst ring, (2) the tunnel segments are place
according to a construction speed of 9 m per day, (3) at the en
of construction, the TBM force is not further applied and the initia
reaction frame is disassembled, and (4) time proceeds unt
10,000 days (27 years), which can reasonably be considered a
the time of stabilization for the time-dependant properties o
concrete.
Due to the symmetry of the circular tunnels and assuming
uniform distribution of the longitudinal stresses at every ring,
is possible to model the whole lining longitudinal behavior as
tunnel sector. Therefore, a rectangular cross section of 1  0.35 m
is adopted. The longitudinal force applied by the TBM to the linin
(FTBM) is considered constant and permanent during the whole con
struction process. The selected value of FTBM is 1750 kN, deter
mined to produce a uniform compressive stress of 5 N/mm2.
A bar elements model is proposed for the case study. Th
ground–structure interaction is modeled by means of distribute
longitudinal springs (Fig. 3). Three different values of th
ground–structure stiffness (Kl) are applied in order to cover a sig
niﬁcant range of ground characteristics (Table 1). There is no gen
erally accepted relation to determine the ground–structur
longitudinal stiffness (Kl) from a certain tunnel and ground proper
ties. In the numerical analyses carried out, Kl was assumed to b
equal to the tunnel tangential stiffness (Kt), which is commonly ac
cepted to be one third of the radial stiffness (Kr) (Eqs. (10) an
(11)). These relations are obtained from the resolution of th
ground distortion response and can be particularly adjusted to cer
tain tunnel and ground conditions by means of ﬁnite element sof
ware as shown by Koek (2004).Kr ¼ EsR ð1þ mÞ ð10Þ 356
357
Kl ¼ Kt ¼ Kr3 ð11Þ 359
360The ground–structure interaction failure is considered using
361elastic–plastic behavior to deﬁne the response of the longitudinal
362springs (Fig. 6). The determination of the maximum tangential
363stress for each ground type (ssl in Table 1) is performed according
364to the formulations and recommendations described by Fleming
365et al. (1994), assimilating the tunnel lining to a single pile founda-
366tion and assuming the ground properties given in Table 1. The re-
367duced tunnel pressure of Terzaghi (JSCE, 1996) was used to
368determine the effective ground pressure on the tunnel. The spring
369displacement that produces the start of the plastic response (usl) is
370determined by the expression of the ground–structure longitudinal
371stiffness:
372
usl ¼ sslKl ð12Þ 374
Table 1
Ground types and characteristics employed in the numerical analyses.
Property Hard/rock
mass
Medium/
gravel
Soft/soft
clay
Longitudinal stiffness, Kl (N/mm3) 0.1 0.01 0.001
Deformation modulus, Es (N/mm2) 1950 195 19.5
Poisson ratio (m) 0.3 0.3 0.3
Rock strength, qu (N/mm2) 10
Friction angle, £ () 30
Density, c (kN/m3) 24
Cohesion, c (kN/m2) 50
Undrained shear strength, cu (kN/m2) 50
Tangential strength, ssl (kN/m2) 500 179 25
ndent response of segmental tunnel linings. Tunnel. Underg. Space Technol.
375 Diana 9 software is employed for the resolution of these
376 staged construction analyses. This software includes the creep
377 formulation proposed in the CEB-FIP Model Code (1993), which
378 is adopted for the numerical analyses. Eq. (13) shows the stress
379 dependent strain (ecr) proposed by CEB-FIP Model Code (1993).
380 Creep coefﬁcient uc mainly depends on the compressive strength
381 of concrete, the dimensions of the member, the relative humidity
382 to which the member is exposed and the age of loading. Table 2
383 shows the properties and parameters of the concrete scenarios
384 analyzed, which provide the evolution of the creep coefﬁcient
385 uc(t, t0) shown in Fig. 7, and determine values of uc(t, t0) at
386 10.000 days from 1 to 2.
387
ecrðt; t0Þ ¼ rcðt0Þ 1Ecðt0Þ þ
ucðt; t0Þ
Ec;28
 
ð13Þ
389
3903.2. Numerical model results
391Fig. 8 presents the longitudinal lining stress distributions for
392Model A and Kl = 0.01 N/mm3 at different times. As well known,
393the concrete creep effect is largest immediately after loading of
394the structural member, starting the loss of force during the con-
395struction process. When the last ring has been placed (just before
396the initial reaction frame disassembly, Cons End Pre-RFD in
397Fig. 8), the longitudinal stress at the start of the lining is
3983.79 N/mm2, representing a reduction of 24.2% (2.69% per
399100 m of tunnel).
400In 500 days after the start of construction, almost the whole lin-
401in 2
402va
403of
404
405re
406len
407an
408th
409
410fo
411pl
412sh
413pr
414in
415in
416co
417cre
418str
419an
Fig. 6. Model for ground–structure interaction springs response.
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(2le 2
perties and parameters of the concrete scenarios analyzed.
Concrete properties/parameters Model A Model B Model C
Concrete compressive strength, fcm (N/mm2) 50 40 30
Deformation modulus, Ec (N/mm2) 38,606 36,246 33,550
Concrete age of loading, t0 (days) 100 60 30
Concrete area, Ac (m2) 0.35 0.35 0.35
Perimeter in contact with
the atmosphere, up (m)
1 1 1
Notational size of the member,
h = 2Ac/up (mm)
700 700 700
Relative humidity, HR (%) 75 54 48
Resulting creep coefﬁcient
at 10,000 days, uc(t, t0)
1 1.5 2Fig
. 7. Concrete creep coefﬁcient evolution for the analyzed scenarios according to
CEB-FIP Model Code (1993).
ease cite this article in press as: Arnau, O., et al. Longitudinal time-dependent
011), doi:10.1016/j.tust.2011.10.002g sustains a stabilized stress of 3.13 N/mm , diminishing to a
lue of 2.37 N/mm2 after 10,000 days. As a consequence, 71.1%
the total stress losses occur during the ﬁrst 500 days.
At end of construction, when the TBM force stops and the initial
action frame is disassembled (Fig. 8, Cons End Post-RFD), the
gth of the anchorage zones can be clearly appraised. The
chorage length does not present signiﬁcant variations during
e stress relaxation process.
Fig. 9 shows the longitudinal stresses obtained at 10,000 days
r Model A concrete and the different ground conditions. As ex-
ained in Section 2.1, the surrounding ground stiffness does not
ow a signiﬁcant inﬂuence on the remaining longitudinal com-
ession of the lining. The small differences that can be appraised
Fig. 9 are related to the sequential construction process. Depend-
g on the ground stiffness, the stress–strain redistributions that
nstantly occur during the tunnel construction due to the lining
ep slightly differ. Then, the lining stress distribution at con-
uction end is also different (Fig. 10), conditioning the creep
d stress evolution of the lining.
ig. 8. Evolution of longitudinal lining stress for Model A and Kl = 0.01 N/mm3.. 9. Longitudinal lining stress at 10,000 days for Model A and different Kl values.response of segmental tunnel linings. Tunnel. Underg. Space Technol.
420
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423
424
425
426
427
428
429
430
431
432
433
434
435
436
437regarded (Model A with Kl = 0.01 N/mm3), the error of the RCF be-
438comes lower than 10% after 750 days (2.05 years).
4393.3. Grout inﬂuence
440Another set of analyses was carried out in order to study the
441backﬁll grout behavior and its inﬂuence on the longitudinal re-
442sponse of the lining. Three different grout modulus of elasticity
443were used in the analysis for each different ground condition de-
444scribed in Section 3. An assessment of the inﬂuence of grout
445shrinkage was also performed by assuming a value of 0.05 mm/m
446according to the favorable curing conditions. The previously de-
447scribed model was completed by means of the addition of plane
448s
449
450y
451s,
452o
453ff
at
F
Fig. 13. Modeling scheme adopted for grout analyses.
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construction end just before the reaction frame disassembly.
Fig. 11. Longitudinal lining stress for different concrete models and the RC
prediction. Kl = 0.01 N/mm3.The ground stress analysis reveals that the maximum tangential
e
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464e
465s
466-
467-
468d
469t
470e
471-
472f
473y
474-
475t
476-stress (ssl) is not achieved in any case. Consequently, the anchorag
lengths (Lan) obtained with the proposed formulation (Eq. (5
should accurately ﬁt the numerical results. As can be observed i
Fig. 9, the analytical results of the anchorage lengths for the thre
different ground conditions (represented by the dotted lines i
Fig. 9) show excellent agreement with the lining response obtaine
with the numerical model.
Fig. 11 presents the results of the three different concrete mod
els after 10,000 days for Kl = 0.01 N/mm3 compared with the re
sults obtained with the proposed formulation for the RCF (Eq
(8) and (9)). It can be concluded that the accuracy achieved b
the RCF approach for the prediction of the long term longitudina
stress is excellent. As the RCF formulation is obtained from th
static analysis of the segmental tunnel lining, the time effects dur
ing the construction stages are not considered. As a consequenc
the accuracy for short times is low (Fig. 12). For the case stud477o
478s
479
480
481-
482f
Fig. 12. Evolution of longitudinal lining stress of Model A and Kl = 0.01 N/mm3, RCF
prediction and its error versus the numerical model.
Please cite this article in press as: Arnau, O., et al. Longitudinal time-depe
(2011), doi:10.1016/j.tust.2011.10.002strain elements between the bar elements (lining) and the spring
(ground) to simulate the grout (Fig. 13).
The results showed that: (1) the grout modulus of elasticit
does not present a signiﬁcant inﬂuence on the lining axial stres
(2) along the anchorage zones the grout is mainly subjected t
an axial stress that can cause its tensile cracking for very sti
grouts, and (3) the lining creep and the grout shrinkage do not sig
niﬁcantly inﬂuence the grout tensile stress for general tunnel con
ditions. Backﬁll grout cracking should not have a signiﬁcant effec
on the radial structural capacity of the segmental tunnel lining, bu
it can diminish the watertightness of the lining.
3.4. TBM force variations
The hypothesis of constant longitudinal force was assumed i
order to simplify and clarify the study of the construction proces
and the time-dependant response of segmental tunnel linings. I
real tunnel construction, the TBM force is not a constant valu
and can undergo signiﬁcant variations mainly, caused by sever
changes in ground conditions. Another set of numerical analyse
of the tunnel construction process was carried out applying differ
ent TBM longitudinal forces at different lining sections. The analy
sis of the results led to two main conclusions: (1) when a TBM loa
variation occurs, a transmission zone is created around that poin
in order to transfer the force difference from the lining to th
ground. This force transmission mechanism is the same as de
scribed in Section 2.1 and, therefore, its length is independent o
the magnitude of the force and can be accurately determined b
means of Eq. (5). (2) Outside of the described anchorage or trans
mission zones, the RCF approach (Eqs. (8) and (9)) allows a correc
prediction of the compression stress evolution of each tunnel sec
tion subjected to different longitudinal loads. It is only necessary t
apply the proposed formulation to the initial compression stres
and the creep properties of the section analyzed.
4. The inﬂuence of creep of the packers
Concrete segments are not the only structural members sub
jected to permanent compression in the longitudinal direction ondent response of segmental tunnel linings. Tunnel. Underg. Space Technol.
483 segmental tunnel linings. A packing material is used to be placed at
484 the circumferential joints (between adjacent rings) in order to con-
485 trol and regularize the longitudinal force transmission between the
486 rings (Fig. 1). The lateral surface area covered by packers (Spl) is al-
487 ways smaller than the concrete surface area (Scl) and, as a conse-
488 quence, they are subjected to higher stresses than the segments
489 (aspect ratios AR = Scl/Spl from 2 to 3 are common in current linings
490 design). Despite their small thickness (around 2 mm) which is
491 1000 times smaller than common ring widths (1500–2000 mm),
492 their modulus of elasticity is around 150 times lower (about
493 30.000 versus 200 MPa). The combination of these factors with
494 the higher compressive stress on the packers can lead to a situation
495 that the packer creep represents a signiﬁcant part of the total lon-
496 gitudinal creep of the lining.
497 Packers are usually made of plastic compounds or wood, where
498 the ﬁrst option is the most commonly used in current tunnel pro-
499 jects. Plywood packers can undergo some volume reductions in
500 time due to the material rotting, especially if the tunnel is sub-
501 jected to severe groundwater conditions (DeWaal, 2000). This phe-
502 nomenon is of another nature than creep but, in practice, it has a
503 similar effect on the force in the lining.
504 The creep behavior of plastics is well known and is considered
505 in the design of plastic components and pieces (Crowford, 1998;
506 Brydson, 1999). Its characterization is commonly supplied by the
507 main manufacturers of plastics for the original polymeric com-
508 pound. Plastic packers are usually made of polyethylene, polyure-
509 thane or polypropylene and can be produced from recycled
510 materials. Plastic’s mechanical behavior is affected by multiple
511 parameters (material properties, manufacturing process, tempera-
512 tu
513 th
514 th
515 4.1
516
517 pa
518 wa
519 Ba
520 tu
521 20
522 fer
523 su
524
525 im
526 co
527 cre
528 all
529 a
530 de
531 th
532 m
533 ce
534 th
535 m
536 co
537pressure at the £200 mm hydraulic jack of columns for the two
538different test conﬁgurations.
539
540C3
541sta
54210
543
544fac
545de
546fo
547th
548On
549tra
550m
551of
552With the experimental set-up chosen the real packer-concrete
553in
554m
555co
556ha
557m
558The evaluation of the time-dependant deformations of the
559concrete was measured by means of DEMEC points bridging the
560concrete-to-concrete joints (Fig. 14). The results were compared
561with the analytical creep and shrinkage values according to the
562CEB-FIP Model Code (1993), in order to eliminate the inﬂuence of
563the surface contact. The calculations only include the drying com-
564ponent of shrinkage, because the blocks were loaded after ﬁnishing
565the curing process: a very good agreement with the experiments
566was observed.
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(2re, stress type, etc.) and, therefore, it is necessary to determine
e particular creep of plastic packers if it has to be considered in
e lining response.
. Experimental program to determine the creep of plastic packers
In order to characterize the creep deformations of the plastic
ckers applied in segmental linings, an experimental program
s carried out at the laboratory of structures technology (UPC,
rcelona). The plastic packers applied in three different Spanish
nnel projects were tested under compression stresses of 4 and
N/mm2, representing a common stress range with regard to dif-
ent TBM forces and lateral ring surface aspect ratios. Table 3
mmarizes the main characteristics of the packers tested.
The experimental set-up was based on columns of stapled spec-
ens as commonly used in concrete creep testing (Fig. 14a). Five
ncrete cubic blocks of 150 mm side were piled up in order to
ate four interfaces between the blocks; plastic packers were
ocated in three of them whilst the remaining joint represented
direct concrete contact to characterize its own time dependant
formations (Fig. 14b). The maximum planned stress exerted on
e packers (20 N/mm2) is large enough to generate concrete
icro-cracking or non-linear creep. In order to avoid stress con-
ntrations in the block corners and high concrete stress levels,
e surface of the packer specimens was limited to 100  100
m2 (Fig. 14c). Table 4 presents the packer and concrete average
mpression stresses, the applied axial force and the necessary
4.2
ﬁc
str
pr
lin
co
le 3
in characteristics of the packers subjected to creep testing.
Tunnel project Thickness
(Lp) (mm)
Measured modulus
of elasticity (Ep) (N/mm2)
Metro of Line 9 (Barcelona) 2 202.1
Metro of La Cela (Madrid) 2 216.8
Road tunnel in M30 (Madrid) 2 188.7
ease cite this article in press as: Arnau, O., et al. Longitudinal time-dependent
011), doi:10.1016/j.tust.2011.10.002Fig. 14. Packer creep test conﬁguration.
le 4
ess, force and pressure applied on the test columns.
Packer stress
(N/mm2)
Concrete stress
(N/mm2)
Axial force
(kN)
Hydraulic Jack
pressure (kPa)
4 1.78 40 1273
20 8.89 200 6366Concrete blocks were casted at the same laboratory applying a
0/37 concrete which strength was controlled by means of
ndard uniaxial compression tests carried out on a 100 
0  100 mm cubic specimens at 7 and 28 days.
The deformation of the packers was measured at three different
es of the concrete blocks in order to adequately determine the
formation planes. Initially, a continuous measurement was per-
rmed by means of nine displacement transducers (six LVDT and
ree OMEGA transducers) connected to a data acquisition system.
ce the measurements achieved a high level of stabilization, the
nsducers were replaced by DEMEC points. The application of a
echanical strain gauge with digital display supplies the evolution
joints movements in a discrete manner.terface behavior can be measured. On the other hand, the
easurement devices are ﬁxed in the concrete blocks and, as a
nsequence, the inﬂuence of the concrete creep and shrinkage
s to be adequately considered and subtracted from the total
easurement.567. Test results
568Figs. 15 and 16 show the test results for the packer creep coef-
569ient (up), which is evaluated as the relation between the creep
570ain (ep-cr) and the elastic strain (ep-el) (Eq. (14)). For small com-
571ession stresses (4 N/mm2), the creep evolution shows an almost
572ear behavior whilst for high compression (20 N/mm2) the creep
573efﬁcient shows an early increase suggesting an exponential
response of segmental tunnel linings. Tunnel. Underg. Space Technol.
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Fig. 15. Measured packer creep coefﬁcient (up) at 4 N/mm2.
Fig. 16. Measured packer creep coefﬁcient (up) at 20 N/mm2.
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19 October 2011response (similar to those of concrete materials). At the end of th
test (330 days), the La Cela packer presents a large creep coefﬁcien
of 1.34 at 20 MPa whilst 0.98 is obtained at 4 MPa. On the contrar
Line 9 and M30 measurements do not present signiﬁcant varia-
tions according to different stresses. At 330 days, Line 9 packer pre-
0
e
t
is
t,
Þ
g
d
-
-
e
g
d
619r
620r
621n
622
623
Þ
Þ 625
626
Þ
628
629t
630gsents a creep coefﬁcient around up,L9 = 0.76–0.88 whilst M3
presents a value between up,M30 = 0.42–0.44. The small negativ
values obtained for M30 packer at the start of the 4 MPa tes
may be caused by an adaptation phenomenon of the samples. Th
measurement dysfunction was not presented for the 20 MPa tes
showing that higher stresses provide more reliable results.
up ¼
epcr
epel
ð14
The 20 MPa results are employed to perform a curve ﬁttin
based on Eq. (15), which corresponds to the usual formulation use
in the deﬁnition of the concrete creep coefﬁcient. Table 5 summa
rizes the obtained values for A, B and C parameters and its corre
sponding correlation factor r2, showing the agreement of th
packers response to the selected expression (Fig. 17). Assumin
that packers creep evolves as expressed in Eq. (15), the expecte
creep coefﬁcients for long term analysis (10,000 days) are 1.50
0
Þfor the La Cela packer, 1.05 for Line 9 packer and 0.53 for M3
packer.
upðt  t0Þ ¼ A 
ðt  t0Þ
Bþ ðt  t0Þ
 C
ð15
Table 5
Values obtained for packers creep coefﬁcient curve ﬁttings.
Packer Value of parameters Correlation
coefﬁcient r2
A B C
Metro of Line 9 (Barcelona) 1.0565 233 0.349 0.9874
Metro of La Cela (Madrid) 1.512 96.37 0.495 0.9963
Road tunnel in M30 (Madrid) 0.5355 210.2 0.4127 0.9932Please cite this article in press as: Arnau, O., et al. Longitudinal time-depe
(2011), doi:10.1016/j.tust.2011.10.0024.3. Lining global creep coefﬁcient
A formulation of a global creep coefﬁcient (uG) is proposed i
order to consider the long term deformation of packers in the lon
gitudinal behavior of segmental tunnel linings. It is obtained b
analyzing the total long term deformation of a set composed b
the ring and the corresponding packer (Fig. 18). Its reference t
the concrete elastic deformation (Eq. (16)) will allow its direc
use on the RCF formulation (Eq. (8)) by replacing the concret
creep coefﬁcient.
Lt;t  Lt;t0 ¼ ec;t0  Lt uGðt  t0Þ ð16
Lt;t  Lt;t0 ¼ ec;t0  Lc ucðt  t0Þ þ ep;t0  Lp upðt  t0Þ ð17
The total long term deformation of a ring and packer set is de
scribed in Eq. (17). It is combined with Eq. (16) and the strain is ex
pressed as function of the stress, providing Eq. (18). The use of th
lateral surface aspect ratio (AR) allows determining the packe
stress as a function of concrete stress. The ﬁnal expression fo
the global creep coefﬁcient of the lining uG(t  t0) is presented i
Eq. (19).
rc;t0
Ec
 Lt uGðt  t0Þ ¼
rc;t0
Ec
 Lc ucðt  t0Þ þ
rc;t0  AR
Ep
 Lp upðt  t0
ð18
uGðt  t0Þ ¼
Ec
Lt
 Lc ucðt  t0Þ
Ec
þ Lp  AR upðt  t0Þ
Ep
 
ð19
This expression (Eq. (19)) can be simpliﬁed by assuming tha
the total ring width (Lt) is equal to the width of the concrete rin
Fig. 17. Curve ﬁttings of packers creep coefﬁcient.
Fig. 18. Deformation of a segment-packer pack at different stages.ndent response of segmental tunnel linings. Tunnel. Underg. Space Technol.
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(2le 6
ameters adopted for the global creep coefﬁcient calculation of Model A with Line 9
ker.
Properties/parameters
Concrete deformation modulus, Ec (N/mm2) 36,246
Packer deformation modulus, Ep (N/mm2) 202.1
Concrete ring width, Lc (mm) 1800
Packer thickness, Lp (mm) 2
Total ring width, Lt (mm) 1802
Concrete-packer aspect ratio, AR 2.5), giving a more compact formulation which allows an easier and
ter comprehension of the involved parameters and their effect:
ðt  t0Þ ¼ ucðt  t0Þ þ
Lp  AR upðt  t0Þ  Ec
Ep  Lc ð20Þ
. Inﬂuence of packer creep in a tunnel lining
In order to assess the inﬂuence of the packer creep on the
maining compression of the lining, the global creep coefﬁcient
Model A tunnel (Table 2) with Line 9 packer is initially deter-
ined. The concrete creep (CEB-FIP Model Code, 1993), the packer
ep (Eq. (15)) and the tunnel properties listed in Table 6 are ap-
ied to Eq. (19). The inclusion of the packer creep produces a sig-
ﬁcant increase of the global longitudinal creep of the lining
g. 19). For the long term analysis of the case study (10,000 days),
e global creep coefﬁcient increases from 1 to 1.524 (52.4%), pro-
cing the reduction of the RCF value from 0.474 to 0.357. This
eans that disregarding the packers creep in the case study would
oduce an overestimation of 32.7% of the lining remaining
mpression.
Conclusions
The particular conﬁguration of segmental tunnel linings pro-
ces that their structural response depends on the existent longi-
dinal force. As a consequence, it is necessary to analyze the
gitudinal ground–structure interaction in order to determine
e longitudinal force remaining on the lining during its service
e.
The theoretical and numerical studies carried out demonstrate
at segmental tunnel linings present a longitudinal time-depen-
nt behavior which depends on the combination of the particular
nstruction process and the long term deformations of their con-
tutive materials, i.e. concrete and packers. The longitudinal
ep deformations of the lining produce a stress relaxation
co
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Fig. 19. Global creep coefﬁcient of Model A with and without Line 9 packer.
ease cite this article in press as: Arnau, O., et al. Longitudinal time-dependent
011), doi:10.1016/j.tust.2011.10.002ocess that involves a gradual loss of the longitudinal compressive
rce initially introduced by the TBM.
A formulation to predict the remaining compression stress (RCF
proach) is proposed. It is based on the longitudinal creep coefﬁ-
nt of the lining, presenting an excellent agreement with numer-
l results for mid and long term analyses. Signiﬁcant reductions
more than 50% of the initial stress are obtained after 10.000 days
7.39 years) for favorable tunnel conditions. Numerical simula-
n allows the complete determination of the tunnel longitudinal
ess evolution, since the construction process until the long term
tionary conditions.
Additionally, a formulation to determine the length of the
chorage zones (Lan) at the end of the lining or under substantial
anges of the TBM force is given. This formulation shows excel-
t agreement with the numerical results, as long as the ground
d its interface with the structure remain in the linear elastic
ge.
The longitudinal long term deformation of a lining depends on
e response of both the concrete and the packer. An experimen-
l program was speciﬁcally designed to determine the creep of
fferent plastic packers, obtaining signiﬁcant long term strains
ich can be analytically described similar to concrete creep.
e combination of concrete and packers creep in a global creep686efﬁcient of the lining (uG) shows the signiﬁcant inﬂuence of the
687ckers despite their reduced thickness. The consideration of
688ckers creep produces a further increase of the global lining
689ep, reducing the long term compression stress that remains
690the tunnel lining.
691The description of the time-dependent longitudinal response of
692gmental tunnel linings allows the determination of the mecha-
693sms and the variables that cause the longitudinal force loose in
694gmental tunnel linings. As a consequence, it is possible to adapt
695e construction process, materials and designs if the force loose
696nts to be reduced. The proposed formulations to predict the
697maining compression factor and the anchorage lengths deﬁne
698interesting tool for design engineers in order to predict the lon-
699udinal stress state of the lining and, then, to assess the interac-
700n capacity between adjacent rings and the consequent three
701mensional response of the lining.
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